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The  purpose  of  this  study  is  to  demonstrate  that  percutaneous  vertebroplasty  (PVP)  significantly  reduces 
abnormal  intervertebral  motion  associated  with  traumatic  burst  fracture  of  the  thoracolumbar  junction;  PVP 
may  thus  become  an  alternative  to  spinal  fusion  for  treatment  of  this  injury.  Three-vertebra  human  spine 
specimens  (N=4)  were  obtained  and  prepared  for  study.  Spinal  constructs  underwent  initial  flexibility 
testing  using  a  custom-built  machine.  A  commercial  optoelectronic  system  was  employed  to  measure  and 
record  intervertebral  motion.  Once  physiologic  motion  parameters  had  been  established,  burst  fractures 
were  produced  in  the  specimens  by  serial  application  of  high-energy  compressive  forces.  Flexibility  testing 
was  repeated  and  the  fractures  were  distracted  and  reduced.  Vertebroplasty  was  performed  by 
transpedicular  injection  of  polymethylmethacrylate  (PMMA)  directly  into  the  comminuted  vertebral  bodies 
and  a  third  battery  of  flexibility  testing  was  completed.  Paired  t-tests  were  applied  to  determine  significant 
differences  in  motion  within  the  neutral  zone  (NZ)  and  the  entire  range  of  motion  (ROM)  between  the 
intact,  fractured  and  post-PVP  conditions.  The  out-of-plane  ( coupled)  motion  in  the  ROM  increased 
significantly  between  the  intact  and  fractured  states  and  decreased  significantly  between  the  fractured  and 
post-vertebroplasty  states;  there  was  no  significant  difference  between  the  intact  and  post-PVP  states 
(p<0.05).  Measurements  of  coupled  motion  in  the  NZ  followed  the  same  trends  -  increasing  with  burst- 
fracture  and  decreasing  with  vertebroplasty  -  although  not  all  achieved  statistical  significance.  Conversely, 
intervertebral  movement  occurring  in  the  plane  of  the  dominant  spinal  motion  increased  significantly  in  the 
NZ  and  ROM  following  both  burst  fracture  production  and  “stabilization”  with  PVP;  furthermore,  it 
remained  significantly  elevated  above  intact  levels  after  vertebroplasty.  We  conclude  that  PVP  is  a 
promising  adjunctive  technique  for  the  fixation  of  thoracolumbar  burst  fracture,  yet  it  alone  is  not  sufficient 
to  restore  multiplanar  spinal  stability.  Further  investigation  is  imperative  to  better  define  the  role  of 
vertebroplasty  in  treatment  of  spinal  trauma. 
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Purpose 

The  purpose  of  the  present  study  is  to  demonstrate  that  percutaneous  vertebroplasty 
(PVP)  significantly  reduces  the  abnormal  intervertebral  motion  observed  following  the 
traumatic  production  of  burst  fracture  at  the  thoracolumbar  junction  (T12-L2).  It  is 
further  hypothesized  that,  by  restoring  intraspinal  motion  to  pre-fracture  levels,  PVP  may 
ultimately  prove  to  be  a  viable,  less  invasive  alternative  to  spinal  fusion  for  the  treatment 
of  vertebral  burst  fracture. 


Introduction 

Epidemiology 

The  incidence  of  traumatic  injury  to  the  spinal  column  has  been  cited  to  be  between 
180,000  to  230,000  cases  in  the  United  States  each  year,  a  prevalence  of  roughly  800 
cases  of  spinal  trauma  per  million  Americans  annually  [  1  ].  In  developed  countries  like 
the  US,  the  vast  majority  of  spinal  fractures  are  caused  by  motor  vehicle  collisions;  an 
overwhelming  40-45%  of  injures  to  the  spine  are  attributed  to  involvement  in  a  motor 
vehicle  accident.  Additional  mechanisms  for  spinal  trauma  include:  fall  from  a  height 
(20%);  acts  of  violence  (i.e.  gunshot  and  stab  wounds,  15%);  sports-related  injuries 
(15%);  and  miscellaneous  activities  (e.g.  industrial  and  agricultural  accidents,  5%)  [1,2]. 
Furthermore,  the  incidence  of  traumatic  spinal  injury  is  four  times  greater  in  men  who,  it 
is  hypothesized,  engage  in  at-risk  behaviors  and  occupations  more  frequently  than  their 
female  counterparts.  Similarly,  a  disproportionately  large  number  of  traumatic  spinal 
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injuries  occur  in  young  people.  According  to  several  sources,  roughly  half  of  all  spinal 
cord  injuries  occur  in  persons  aged  1 6-30  years  [1,2].  Like  the  male  gender,  young  age  is 
associated  with  risk-taking  behaviors  that  predispose  to  spinal  trauma.  Finally,  if  only  to 
serve  as  a  macabre  reminder,  it  is  worth  noting  that  the  rate  of  alcohol  intoxication  among 
patients  sustaining  traumatic  injury  to  their  spinal  cords  has  been  estimated  to  be  as  high 
as  49%  [1]. 

More  than  half  of  the  spinal  injuries  resulting  in  vertebral  body  fracture  occur  in  the 
thoracolumbar  spine,  specifically  at  the  thoracolumbar  junction  (levels  T12-L2).  This 
spinal  transition  zone  is  particularly  vulnerable  to  injury  as  a  result  of  its  greater  mobility, 
a  characteristic  that  improves  spinal  function  at  the  expense  of  spinal  stability.  The 
increased  mobility  in  the  thoracolumbar  spine  as  compared  to  its  neighboring  segments  is 
the  result  of  two  independent  anatomic  factors:  first,  in  contrast  to  the  rest  of  the  thoracic 
region  (levels  T10  and  higher),  the  thoracolumbar  junction  lacks  the  stabilizing  effect  of 
the  rib  cage.  Second,  the  vertebrae  comprising  the  thoracolumbar  junction  are  wider  and 
flatter  than  those  of  the  thoracic  spine,  with  spinous  processes  that  are  more  horizontal 
[2],  These  characteristics  combine  to  enhance  motion  in  the  thoracolumbar  region  of  the 
spine,  allowing  complex  movements  such  as  flexion,  extension,  lateral  bending  and 
rotation  to  occur.  As  alluded  to  above,  the  price  that  is  paid  for  this  increased  flexibility 
is  a  corresponding  increase  in  susceptibility  to  spinal  injury,  rendering  the  thoracolumbar 
junction  an  extremely  important  focus  of  scientific  study. 

The  clinical  significance  of  thoracolumbar  fracture  lies  in  the  fact  that  the  bony  vertebral 
column  and  its  related  muscles  and  ligaments  are  intimately  associated  with  the  spinal 
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cord;  neurologic  deficits  ranging  from  mild  muscular  weakness  to  complete  paraplegia  of 
the  lower  extremities  with  impaired  bladder  and  bowel  function  are  common  sequelae  of 
spinal  trauma  at  this  level.  In  fact,  only  25%  of  patients  with  acute  thoracolumbar  burst 
fracture  remain  completely  free  of  neurologic  impairment;  an  additional  25%  report 
transient  symptoms  of  numbness  and  tingling  in  the  extremities  following  the  trauma. 
More  important,  nearly  50%  of  patients  with  burst  fractures  of  the  thoracolumbar 
junction  present  with  some  degree  of  neurologic  compromise.  Although  many  patients 
experience  resolution  of  initial  deficits,  others  report  the  onset  or  progression  of 
neurologic  symptoms  weeks  after  the  traumatic  event  [3].  For  purposes  of 
prognostication,  it  is  important  to  note  that  patients  presenting  with  a  complete  loss  of 
spinal  cord  function  (Frankel  score  =  A;  Figure  1)  only  rarely  experience  neurologic 
improvement. 


GRADE 

DESCRIPTION 

A 

Complete  paraplegia,  both  motor  and  sensory 

B 

Complete  sensory  paraplegia;  motor  paraplegia  with  sacral  sparing 

C 

Motor  power  present  without  practical  value  to  the  patient  (motor  useless) 

D 

Motor  power  present,  with  functional  movement  of  lower  extremities,  may 

walk  (motor  useful) 

E 

Recovery:  no  motor  weakness,  sensory  loss  or  sphincter  disturbance, 
although  abnormal  reflexes  may  be  present 

Figure  1.  The  Frankel  paraplegia  scale. 

A  classification  system  commonly  used  to  describe  the  severity  of  spinal  cord  injury. 
Modified  from  Schnee,  1997  [4] 


This  gloomy  statistic  highlights  an  important  reality  of  traumatic  spinal  injury:  It  is  an 
extremely  expensive  condition.  The  cost  of  a  spinal  cord  injury  that  causes  paraplegia  is 
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estimated  to  be  $200,000  for  the  first  year  and  roughly  $21,000  annually  thereafter  [2], 

As  a  result,  patients  and  their  families  may  incur  huge  amounts  of  debt  despite  the  fact 
that  a  paraplegic  patient’s  life  expectancy  is  shortened  by  15-20  years  when  compared 
with  that  of  uninjured  control  subjects.  In  addition,  when  one  considers  that  the  vast 
majority  of  spine  trauma  patients  are  young  men  -  typically  a  family’s  primary 
breadwinner  -  the  societal  cost  of  spinal  injury  increases  substantially. 

Due  to  the  sheer  number  of  traumatic  spinal  injuries  occurring  each  year  in  the  United 
States,  as  well  as  to  their  potentially  devastating  neurologic  consequences,  thoracolumbar 
burst  fractures  are  of  considerable  academic  and  economic  significance  to  emergency, 
neurology  and  orthopedic  departments  in  hospitals  nationwide. 


Characterization  of  Burst  Fractures 


As  described  by  Denis  in  his  retrospective  review  of  412  radiographs  documenting 
thoracolumbar  spinal  injuries  [3],  burst  fractures  are  comminutions  of  the  vertebral  body 
that  result  from  its  failure  under  axial  compression,  with  or  without  concurrent  flexion, 
lateral  bending  or  rotational  forces.  Denis’s  original  description  of  axial  loading  as  the 


Figure  2.  Axial  CT  image  of  a  thoracic  burst  fracture. 

Note  the  comminuted  vertebral  body  with  retropulsion  of 
bone  into  spinal  canal. 

Reoroduced  from  www.emedicine.com. 
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fundamental  mechanism  for  burst  fracture  production  continues  to  be  accepted  today, 
although  current  descriptions  typically  incorporate  radiographic  findings  characteristic  of 
burst  fracture  [5].  Features  commonly  demonstrated  by  diagnostic  imaging  include:  (1) 
comminution  of  the  vertebral  body  with  accompanying  fracture  of  the  cortex  of  the 
posterior  wall;  (2)  retropulsion  of  bony  fragments  into  the  spinal  canal  with  resultant 
obstruction  and  narrowing  of  the  canal  at  the  level  of  injury;  (3)  loss  of  vertebral  height 
anteriorly;  and  (4)  increased  interpedicular  distance  with  accompanying  laminar  fractures 
and  subluxation,  or  splaying,  of  the  posterior  facet  joints  (Figures  2,  3). 


Figure  3.  Cartoon  of  a  burst-fractured 
vertebra,  seen  in  the  sagittal  plane 

Note  the  significant  canal  compromise  with 
resultant  displacement  of  the  spinal  cord. 

Reproduced  from  www.emedicine.com 


Contemporary  definitions  of  burst  fracture  may  also  include  descriptions  of  its  associated 
neurologic  sequelae.  Vertebral  burst  fractures  are  associated  with  varying  degrees  of 
neurologic  compromise,  depending  upon  both  the  extent  to  which  the  spinal  canal  is 
obstructed  and  the  level  of  the  injury.  Interestingly,  there  is  no  direct  relationship 
between  the  amount  of  canal  obstruction  and  the  degree  of  neurologic  deficit.  The 
“buffer  zone”  of  the  spinal  canal  -  the  space  around  the  spinal  cord  and,  distally,  the 
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conus  medullaris  -  is  larger  at  the  lower  lumbar  levels  than  at  the  thoracolumbar  junction; 
this  renders  the  latter  region  more  vulnerable  to  neurologic  injury.  Thus,  while  burst 
fractures  are  defined  by  their  comminuted  fracture  pattern  with  resultant  disruption  of  the 
posterior  cortex  of  the  vertebral  body  and  invasion  of  the  spinal  canal,  the  presence  and 
extent  of  neurological  injury  cannot  be  accurately  predicted  from  canal  encroachment 
alone.  Although  neurological  impairment  may  be  present  in  the  patient  with 
thoracolumbar  burst  fracture,  it  is  not  a  requirement  for  diagnosis. 


Stability  versus  instability 


Denis,  who  pioneered  the  three-column  theory  of  spinal  stability  in  1983  (Figure  4), 
postulated  that  spinal  instability  is  directly  correlated  with  the  disruption  of  the  middle 
spinal  column,  comprised  of  the  posterior  longitudinal  ligament  (PLL),  the  posterior 


COLUMN 

SPINAL  STRUCTURES 

Anterior 

anterior  longitudinal  ligament  (ALL);  anterior 
annulus  fibrosis;  anterior  vertebral  body 

Middle 

posterior  longitudinal  ligament  (PLL);  posterior 
annulus  fibrosis;  posterior  wall  of  vertebral  body 

Posterior 

posterior  bony  arch  and  posterior  ligamentous 
complex  (PLC):  supraspinous  ligament, 
interspinous  ligament,  capsule,  ligamentum 
flavum 

Figure  4.  The  three  spinal  columns  and  their  associated  structures. 

Although  frequently  associated  with  damage  of  the  posterior  ligamentous  complex  (PLC),  spinal  instability 
correlates  best  with  traumatic  disruption  of  the  middle  spinal  column  [3], 

Although  Denis  included  the  posterior  half  of  the  vertebral  body  in  his  classification  of  the  middle  column, 
current  definitions  generally  refer  only  to  the  posterior  third,  as  depicted  above. 

Cartoon  reproduced  from  www . emed icine . com 


annulus  fibrosis,  and  the  posterior  half  of  the  vertebral  body  [3].  According  to  this 
theory,  thoracolumbar  burst  fracture,  which  by  definition  involves  fracture  of  the 
posterior  vertebral  body,  is  necessarily  associated  with  some  degree  of  mechanical 
instability  in  the  spine.  This  assertion  has  withstood  the  test  of  time:  subsequent 
biomechanical  studies  have  upheld  Denis’s  three-column  theory  of  thoracolumbar 
fractures  and  highlighted  the  importance  of  the  middle  spinal  column  in  determining 
mechanical  stability  [6]. 

White  and  Panjabi  [7]  take  a  broader,  more  clinical  approach:  according  to  these  authors, 
clinical  instability  may  be  defined  as,  “the  loss  of  the  ability  of  the  spine  under 
physiologic  loads  to  maintain  its  pattern  of  displacement  so  that  there  is  no  initial  or 
additional  neurological  deficit,  no  major  deformity,  and  no  incapacitating  pain,”  (p.  278). 
In  this  description,  “incapacitating  pain”  is  that  which  cannot  be  effectively  controlled 
with  non-narcotic  analgesics;  major  deformity  is  that  which  the  patient  finds  intolerable 
due  to  pain  and/or  unacceptable  cosmesis.  These  authors  created  a  checklist  of  physical 
and  radiographic  features  that  correlate  closely  with  instability  in  the  thoracolumbar 
region;  when  applied  to  the  trauma  patient,  a  checklist  score  of  5  out  of  1 2  possible  points 
is  taken  to  be  a  reliable  indicator  of  clinically  significant  spinal  instability  (Figure  5). 

Although  the  idea  of  an  “instability  checklist”  is  widely  accepted  among  spine  specialists, 
there  are  still  many  who  feel  that  the  existing  definitions  of  spinal  stability  have  only  a 
tenuous  scientific  foundation;  defining  sensitive,  specific  measures  of  spinal  stability 
remains  a  hotly  debated  issue.  That  said,  it  is  generally  agreed  that  a  stable  burst  fracture 
is  one  in  which  there  is  no  neurologic  injury,  in  which  the  kyphotic  angulation  of  the 


12 


ELEMENT 

POINT  VALLE 

Anterior  elements  destroyed  or  unable  to  function 

2 

Posterior  elements  destroyed  or  unable  to  function 

2 

Disruptions  of  costovertebral  articulations 

1 

Radiographic  criteria 

1 .  Sagittal  plane  displacement  >2. 5mm  (2  pts) 

2.  Relative  sagittal  plane  angulation>5°  (2  pts) 

4 

Spinal  cord  or  cauda  equina  damage 

2 

Dangerous  loading  anticipated 

1 

Figure  5.  Checklist  for  the  Diagnosis  of  Clinical  Instability  in  the  Thoracic  and  Thoracolumbar  Spine. 

Total  of  5  points  or  greater  correlates  with  spinal  instability. 

Reproduced  from  White  and  Panjabi  [7], 

spine  is  less  than  20  degrees  and  in  which  the  amount  of  spinal  canal  compromise  is  less 
than  50-60%  percent  [8].  Furthermore,  despite  the  contention  regarding  the  best  way  to 
identify  clinical  instability,  there  is  no  argument  that  recognizing  and  correcting  spinal 
instability  in  a  timely  fashion  is  crucial  for  achieving  optimal  functional  and  cosmetic 
outcomes.  Whatever  the  method  of  clinical  assessment,  attaining  and/or  retaining 
stability  in  the  thoracolumbar  spine  remain  the  spine  surgeon’s  unequivocal  goal. 


Therapeutic  approaches 


“The  Egyptians  were  the  first  to  describe  the  diagnosis  and  to  recommend  a 
treatment  for  the  spine  and  spinal  injuries  (2500  BC  to  1900  BC).  Hippocrates 
(400  BC)  described  the  clinical  consequences  of  a  thoracic  fracture  and 
recommended  a  method  of  reducing  the  gibbus  often  associated  with  these 
injuries.  He  designed  a  racklike  traction  device  ( scamnum )  to  reduce  the  bony 
abnormalities  of  thoracolumbar  spine  fractures.  The  patient  was  extended  in  the 
prone  position  with  leather  straps  at  the  hips  and  shoulders  while  a  reducing 
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force  was  manually  placed  over  the  site  of  the  kyphosis.  This  device  was 
introduced  as  an  alternative  to  "succussion,"  which  consisted  of  tying  the  patient 
upside  down  to  a  ladderlike  device  that  was  suddenly  dropped,  extending  the 
patient’s  spine  in  an  attempt  to  reduce  the  spinal  deformity,”  [9], 

Although  the  techniques  has  evolved  over  time,  the  principle  treatment  goals  for  acute 
thoracolumbar  burst  fractures  remain:  (1 )  Maintenance  and/or  restoration  of  neurological 
function;  (2)  Prevention  and/or  correction  of  segmental  collapse  and  kyphotic  deformity; 
(3)  Prevention  and/or  minimization  of  spinal  instability;  (4)  Maintenance  and/or 
restoration  of  the  physiologic  biomechanics  of  the  spine  with  resumption  of  normal  daily 
functioning;  and  (5)  Prevention  and/or  reduction  of  pain. 

For  fractures  deemed  stable  (i.e.  neurologically  intact,  physiologic  range  of  motion,  intact 
posterior  ligamentous  complex  and/or  posterior  longitudinal  ligament  by  CT/MRI 
scanning)  treatment  is  typically  non-operative.  Options  include  rigid  immobilization 
with  a  TLSO  (thoracolumbarsacral  orthosis)  or  halo;  emphasis  is  placed  on  early 
ambulation.  For  clinically  unstable  fractures  -  those  associated  with  progressive 
neurological  symptoms,  increased  range  of  motion  during  clinical  flexion-extension 
testing  or  disruption  of  the  middle  spinal  column  as  assessed  by  diagnostic  imaging, 
surgical  fusion  has  historically  been  the  mainstay  of  treatment. 

The  major  surgical  approaches  to  thoracolumbar  burst  fractures  are  posterior,  anterior,  or 
a  combination  -  concurrent  or  staged  -  of  the  two  [10-16].  The  posterior  approach 
involves  a  simple  laminectomy  of  the  involved  vertebra  and  is  employed  when  early 
mobilization  of  the  patient  is  considered  possible.  This  approach  does  not  permit  direct 
visualization  of  the  vertebral  bodies  and  is  thus  not  ideal  for  decompression  of  the  spinal 
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canal;  rather,  it  is  useful  for  stabilization  procedures  that  consist  of  fixation  of  the 
posterior  bony  elements.  By  contrast,  the  anterior  approach  is  most  useful  for  multilevel 
injuries  and  for  decompression  of  the  compromised  spinal  canal.  It  involves  resection  of 
the  affected  vertebral  bodies  and  subsequent  reconstruction  of  the  spinal  elements  with 
allograft  or  autograft  material.  Unlike  the  less  radical  posterior  approach,  the  anterior 
approach  does  not  result  in  early  stability  and  is  thus  not  compatible  with  early 
mobilization.  For  some  injuries,  a  combined  surgical  approach  -  both  anterior  and 
posterior  approaches  -  is  used  to  maximize  both  exposure  and  access  to  the  necessary 
spinal  elements. 

A  seemingly  infinite  number  of  instrumentation  systems  exist,  and  new  stabilization 
systems  are  constantly  introduced  as  the  quest  to  achieve  maximal  spinal  stability  in  the 
least  invasive  manner  continues.  Examples  include  posterior  instrumentation  systems, 
such  as  the  eponymic  hook-and-rod  constructs  popularized  by  Harrington,  Cotrel- 
Doubousset  and  the  Texas  Scottish  Rite  Hospital  (TSRH);  the  Luque  ring  system  with 
sublaminar  wiring  [13]  is  another  variation  on  the  posterior  instrumentation  theme.  The 
Kaneda  device,  the  Dunn  device,  the  Syracuse  I-plate  and  the  Z-plate  -  used  with  or 
without  autologous  fibular  or  rib  graft  struts,  allograft  humeral  struts  or  synthetic  cages 
[  1 1 ,1 2]  -  are  examples  of  anterior  fusion  systems.  The  other  major  instrumentation 
system  is  the  pedicle  screw  construct,  exemplified  by  the  Fixateur  Interne  and  the  Roy- 
Camille  system  [14]  (Figure  6). 

There  are  multiple  surgical  approaches  to  internal  fixation  of  an  unstable  spinal  fracture 
and  a  myriad  of  instrumentation  systems  from  which  to  choose.  Regardless  of  the 
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procedure  employed,  once  internal  fixation  has  been  performed,  a  race  has  begun 
between  healing  of  the  fracture  and  fatigue  of  the  implanted  device  [17].  Therefore,  the 
most  desirable  surgical  interventions  are  those  that  provide  maximal  stability  at  the 
fracture  site  -  effectively  promoting  callus  formation  and  bony  healing  -  until  the 
intrinsic  spinal  stability  is  restored. 


Figure  6A-D  Post-fusion  radiographs  illustrating  various  methods  of  surgical  instrumentation. 

A.  Posterior  fusion  with  rods  and  sublaminar  wires. 

B.  Pedicle  screw  fixation. 

C.  Anterior  fusion  (pedicle  screws)  with  supportive  cage  strut. 

D.  Anterior  fusion  with  vertebral  cage  and  lateral  plate 

Images  reproduced  from:  A  -  www.accessexcellence.oru.  B-D  -  www.emedicine.com 


Percutaneous  Vertebroplasty 

The  term  “vertebroplasty”  was  originally  coined  to  describe  the  surgical  procedure  in 
which  a  weakened  vertebral  body  underwent  mechanical  augmentation  by  the  addition  of 
acrylic  cement  (typically  polymethylmethacrylate  -  PMMA)  or  bone  graft.  In  Amiens, 
France  in  1984,  Deramond  and  Galibert  performed  the  first  image-guided  percutaneous 
vertebral  augmentation  by  injecting  PMMA  into  a  painful  cervical  vertebra  (C2)  that  had 
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been  infiltrated  by  an  aggressive  spinal  hemangioma  [  1 8,19],  The  patient’s  back  pain 
was  completely  relieved  by  the  procedure,  and  thus  was  percutaneous  vertebroplasty 
(PVP)  bom. 

Because  the  Europeans’  initial  experience  with  PVP  demonstrated  its  remarkable  ability 
to  relieve  back  pain  in  patients  with  hemangioma,  the  procedure  was  quickly  adopted  for 
the  treatment  of  spinal  pathology  related  to  hematologic  malignancies,  metastatic  lesions 
of  the  spinal  column,  and  eventually,  osteoporotic  vertebral  compression  fractures.  It 
was  observed  that,  in  addition  to  relieving  back  pain,  the  injection  of  cement  into  a 
weakened  vertebral  body:  (1)  facilitated  fracture  healing  by  immobilization  of  the 
fracture  site  (e.g.  internal  casting  of  trabecular  microfractures);  (2)  prevented  progressive 
collapse  of  the  involved  vertebrae  with  resultant  canal  compromise;  and  (3)  enhanced 
vertebral  strength  and  stiffness,  thereby  increasing  the  threshold  for  future  compression 
injury  [20].  Some  investigators  reported  an  ability  to  restore  vertebral  height  by  the 
combination  of  fracture  distraction  and  cement  injection  [21].  By  the  mid-1990’s,  PVP 
had  reached  the  United  States:  vertebroplasty  was  first  performed  at  the  University  of 
Virginia  in  29  patients  suffering  from  osteoporotic  vertebral  compression  fractures  [22]. 
Since  that  time,  PVP  has  become  a  widely  accepted  therapeutic  option  for  the  treatment 
of  chronic,  severe  back  pain  related  to  osteoporotic  vertebral  fractures.  Although  its  use 
in  spinal  disease  associated  with  malignancy  is  less  common  in  the  US,  the  European 
experience  suggests  that  PVP  is  quite  effective  in  this  setting  [23]. 

A  description  of  the  basic  technique,  as  reported  by  Deramond  and  colleagues,  follows 


[24]: 
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[Percutaneous  vertebroplasty]  is  performed  on  patients  under  conscious 
sedation.  General  anesthesia  may  be  required  when  numerous  levels  have  to  be 
treated  or  when  it  is  required  by  the  status  of  the  patient.  The  patient  is  in  a 
prone  position  and  a  10-  or  1 1 -gauge  needle  is  inserted,  using  a  transpedicular 
route  under  fluoroscopic  guidance,  into  the  lateral  and  anterior  part  of  the 
collapsed  vertebral  body.  Once  the  needle  is  adequately  positioned,  opacified 
PMMA  is  injected  slowly  while  observing,  under  real-time  fluoroscopy,  for 
possible  extravasation. . .  Using  a  lateral  transpedicular  route  allows  for  the 
injection  of  only  half  a  vertebra,  and  most  often  a  contralateral  transpedicular 
approach  is  mandatory  to  fill  both  sides  of  the  vertebral  body. . .  An  average  of  5 
to  6  mL  of  PMMA  is  used  to  fill  the  intratrabecular  space  of  the  vertebral  body. 
The  procedure  lasts  less  than  1  hour  for  one  vertebral  level  [24], 

Figure  7  illustrates  the  transpedicular  approach  described  above. 


Figure  7.  Cartoon  depicting  the  transpedicular 
approach. 

A  biopsy  needle  is  inserted  through  the  pedicles  and 
into  the  vertebral  body  via  a  posterolateral  approach. 
This  method  avoids  disruption  of  the  spinal  canal. 

Reproduced  from  www.emedicine.com 


While  PVP  has  been  shown  to  be  effective  in  reducing  pain  and  preventing  progressive 
vertebral  collapse  with  compromise  of  the  spinal  canal,  it  is  not  without  safety  concerns. 
Complications  observed  or  predicted  include:  transient  worsening  of  back  pain;  transient 
fever;  transient  nerve  root  pain;  chronic  nerve  root  pain;  rib  fracture;  cement  pulmonary 
embolism;  infection;  and  spinal  cord  compression  and/or  damage  [25],  In  general,  the 
transient  side  effects  (increased  pain,  fever,  neuralgia)  last  less  than  48  hours  and  may  be 
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treated  symptomatically  with  intravenous  non-steroidal  anti-inflammatory  medications. 
Chronic  neuralgias  have  been  reported  at  a  low  rate  in  the  literature  (0-5%)  and  have 
been  treated  by  injection  of  steroids,  and  in  one  case,  ethanol.  Rib  fracture  has  been 
documented  in  two  instances  of  frail,  elderly  patients  unable  to  tolerate  the  prone  position 
required  for  PVP  [22],  Infection  is  a  largely  theoretical  risk  of  this  minimally  invasive 
procedure,  although  a  case  of  spondylodiscitis  was  reported  in  a  severely 
immunocompromised  patient  undergoing  PVP  for  treatment  of  metastatic  malignancy 
[24],  Cement  pulmonary  embolism  has  been  documented  in  the  literature  at  a  rate  of  0- 
5%;  although  typically  asymptomatic,  one  case  of  cement  embolism  requiring 
anticoagulant  therapy  has  been  reported  [23].  Finally,  spinal  compression,  the  most 
feared  complication  of  PVP,  has  been  reported  only  rarely  in  the  literature;  a  single  case 
of  cord  compression  requiring  surgical  intervention  has  been  described  [26],  An 
interesting  theoretical  complication  is  thermal  injury  to  neural  structures  as  a 
consequence  of  the  intensely  exothermic  polymerization  reaction  of  PMMA.  This  effect 
has  never  been  documented;  some  authors  postulate  that  it  is  an  unfounded  concern,  as 
the  cerebrospinal  fluid  and  highly  vascularized  dura  function  to  efficiently  dissipate  the 
PMMA-generated  heat  [23]. 

It  bears  note  that  the  risk  of  side  effects  is  much  greater  in  patients  suffering  from 
metastatic  disease;  it  is  roughly  10%,  compared  with  the  1-2%  risk  of  complication 
observed  in  patients  treated  for  osteoporotic  fracture  [23].  This  increased  risk  is 
attributed  not  only  to  the  state  of  the  patient,  but  to  the  state  of  the  involved  vertebrae. 
Specifically,  vertebrae  affected  by  malignancy  are  typically  weaker  and  more 
comminuted  than  those  of  compression  fractures.  The  presence  of  bony  damage 
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facilitates  communication  between  the  vertebral  body  and  the  spinal  canal  through 
posterior  cortical  fractures  or  microfractures,  thereby  increasing  the  risk  of  cement 
extravasation  and  its  attendant  complications. 

The  primary  cause  of  the  aforementioned  complications  is  cement  leak.  While  cement 
leak  into  paravertebral  soft  tissues  has  no  significant  clinical  consequence,  leaks  into  the 
paravertebral  veins,  epidural  veins,  neural  foramina  and  epidural  space  may  occur,  with 
the  resultant  symptoms  of  cement  embolism,  neuralgias  or  radiculopathies  and  spinal 
cord  compression,  respectively  [27],  Examples  of  cement  leaks  are  illustrated  in  Figure 
8A  and  B. 


Figure  8A  and  B.  Cartoons  depicting  potential  routes  of  cement  extravasation  in 
the  axial  and  sagittal  planes. 

Reproduced  from  Gangi  et  al  [27], 


Percutaneous  vertebroplasty  is  considered  a  safe,  effective  and  minimally  invasive 
procedure  for  controlling  pain  related  to  osteoporotic  and  metastatic  vertebral  disease  and 
is  rapidly  gaining  acceptance  in  the  US  for  treatment  of  these  conditions.  Investigation  of 
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alternative  indications  for  vertebroplasty  -  such  as  acute  spinal  trauma  -  is  an  emerging 
area  of  scientific  inquiry.  The  present  study  attempts  to  evaluate  the  ability  of  PVP  to 
stabilize  thoracolumbar  burst  fractures  by  reducing  abnormal  intervertebral  motion.  It  is 
theorized  that  PVP  may  be  used  ultimately  to  augment  or  even  replace  surgical  fusion  as 
the  primary  method  of  treatment  for  traumatic  vertebral  injury. 


Methods 


Ovennew 


Three-vertebra  thoracolumbar  human  spine  specimens  (N=4)  were  obtained  and  dissected 
of  their  spinal  musculature  and  fascia.  While  intact,  each  spinal  construct  underwent 
initial  multidimensional  flexibility  testing  using  a  machine  custom-built  to  apply 
standardized  loads  in  the  form  of  three  pairs  of  pure  bending  moments  (e.g.  flexion- 
extension,  right-left  axial  torque  and  right-left  lateral  bending.)  Precise  measurement  of 
intervertebral  motion  during  load  application  was  achieved  using  an  optoelectronic 
motion  measurement  system  (Optotrak,  Northern  Digital,  Waterloo,  Canada)  employed 
routinely  in  the  laboratory.  Once  physiologic  ranges  of  motion  had  been  established  for 
the  specimens,  burst  fractures  were  produced  by  the  serial  application  of  axial 
compressive  forces  (e.g.  standardized  falling  masses).  The  presence  of  burst  fractures 
was  subsequently  confirmed  by  lateral  radiograph.  Flexibility  testing  was  repeated  to 
document  increased  intervertebral  motion  resulting  from  the  trauma,  and  the  burst 
fractures  were  then  distracted  and  reduced  with  the  aid  of  bipedicular  screws. 
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Vertebroplasty  was  performed  by  injection  of  5-10mL  of  polymethylmethacrylate 
(PMMA)  cement  directly  into  the  comminuted  vertebral  body.  Finally,  the  specimens 
underwent  a  third  battery  of  flexibility  testing  to  assess  PVP-related  decreases  in 
nonplanar  intraspinal  motion.  The  experimental  method  is  summarized  in  Figure  9. 


INTACT  specimens,  dissected  of  musculature  and  fascia  and  potted  in 

laboratory  bond 


FLEXIBILITY  TESTING 


Production  of  burst  FRACTURE  by  serial  exposure  to  falling  masses; 
confirmation  of  fracture  by  lateral  X-ray 


FLEXIBILITY  TESTING 


Fracture  distraction  and  fixation  by  “percutaneous”  VERTEBROPLASTY'  - 
injection  of  PMMA  into  comminuted  vertebral  body 


FLEXIBILITY  TESTING 


Figure  9.  Overview  of  experiment  al  method. 


Specimen  preparation 

Four  fresh  human  cadaveric  thoracolumbar  spine  specimens  (spinal  levels  T12-L5)  were 
obtained  by  RVS  and  MMP  and  stored  sealed  in  double  plastic  bags  at  -20°  C. 

Additional  descriptive  data  (e.g.  age,  gender,  cause  of  death)  were  unavailable  to  the 
investigators.  Anterior-posterior  and  lateral  radiographs  taken  at  the  time  of  specimen 
collection  demonstrated  no  abnormalities  or  significant  degenerative  changes  in  the 
spinal  segments,  as  reviewed  by  RVS.  The  sealed  specimens  were  thawed  to  room 
temperature  in  warm  saline  baths  and  carefully  dissected  of  the  spinal  musculature  and  its 
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associated  fascial  layers.  Particular  attention  was  paid  to  preserving  the  functional 
integrity  of  the  intervertebral  discs  and  osteoligamentous  structures.  The  specimens  were 
then  wrapped  in  saline-soaked  gauze  to  prevent  desiccation  and  remained  so  for  the 
duration  of  the  experiment.  Following  dissection,  the  superior  and  inferior  vertebrae 
were  mounted  in  laboratory  bond  such  that  the  theoretical  line  joining  the  geometric 
centers  of  their  vertebral  bodies  was  aligned  vertically.  Dissection  and  mounting  of  the 
specimens  were  performed  by  RVS. 


Data  collection 

Flexibility  testing 

As  described  by  Panjabi  [17],  there  are  three  general  approaches  to  evaluating  the 
efficacy  of  surgical  interventions  designed  to  treat  thoracolumbar  burst  fractures:  (1 ) 
strength  testing,  which  provides  information  pertaining  to  the  load-carrying  capacity  and 
failure  mechanism  of  the  treated  spine,  but  is  limited  in  its  ability  to  describe  the 
biomechanical  environment  at  the  fracture  site  specifically  and  by  the  fact  that  strength 
testing  is  itself  destructive;  (2)  fatigue  testing,  which  provides  information  regarding  the 
longevity  of  the  device/procedure  used  to  treat  spinal  trauma,  but  is  hampered  by  the 
same  limitations  that  apply  to  strength  testing;  and  (3)  flexibility  testing,  which  is  non¬ 
destructive  and  provides  a  direct  measure  of  the  flexibility  (and  inversely,  the  stability)  at 
the  site  of  fracture.  This  latter  characteristic  is  particularly  relevant  clinically,  because  it 
is  believed  that  the  greater  the  amount  of  stability  achieved  at  the  fracture  site,  the  less 
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micromotion  will  occur  between  opposing  bony  fragments,  and  the  faster  the  rate  of 
fracture  healing  will  be.  Thus,  for  this  experiment,  flexibility  testing  was  chosen  as  the 
primary  method  for  evaluating  the  effects  of  PVP  on  intervertebral  motion. 

The  precise  method  of  flexibility  testing  employed  in  our  laboratory  is  based  on  the 
fundamental  concept  that  application  of  a  load  to  a  spinal  construct  produces 
intervertebral  motion  that  can  be  quantified  using  equipment  and  computer  programs 
designed  specifically  for  the  task  [28].  In  this  case,  the  inferior  end  of  the  spinal 
construct  was  mounted  securely  to  the  base  of  a  custom-built  apparatus,  while  the 
superior  end  remained  unconstrained  and  free  to  undergo  complex  movement  as  various 
loads  were  applied.  As  described  by  Panjabi  et.  al.  [17],  application  of  pure  moments  to 
the  construct,  as  opposed  to  the  alternative  applications  of  shear  or  eccentric  compressive 
forces,  results  in  uniform  loading  conditions;  importantly,  this  enables  the  observer  to 
draw  conclusions  regarding  spinal  motion  along  the  entire  length  of  the  construct  as  it 
responds  to  various  load  application. 

Thus,  the  applied  loads  consisted  of  three  pairs  of  pure  bending  moments  -  flexion- 
extension,  right-left  axial  torque  and  right-left  lateral  bending  -  applied  to  the  superior 
end  of  the  specimens  (Figure  1 0).  The  six  moments  were  applied  in  five  incremental 
steps  from  a  minimum  value  of  0  N-m  to  a  maximum  absolute  magnitude  of  4  N-m. 
Three  load-unload  cycles  were  performed  to  precondition  the  specimens.  In  addition, 
each  specimen  was  allowed  thirty  seconds  at  each  step  in  the  load-unload  cycle,  in  an 
attempt  to  minimize  the  confounding  effects  of  variable  (i.e.  specimen-dependent) 
viscoelastic  creep  on  the  data.  At  each  step  in  the  third  load  cycle,  an  optoelectronic 
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Figure  10.  Illustration  of  applied  bending  moments. 

Six  pure  bending  moments,  represented  by  thick  arrows,  were  applied  to  the  specimens.  Resultant 
rotational  and  translational  motion,  represented  by  thin  arrows,  were  recorded. 

Reproduced  from  White  and  Panjabi  [7], 


motion  measurement  system  (Optotrak,  Northern  Digital,  Waterloo,  Canada)  was  used  to 
measure  the  three-dimensional  rotations  and  translations  of  the  unconstrained  superior 
vertebra  in  relation  to  the  fixed  inferior  vertebra.  In  the  present  study,  specimens 
underwent  three  separate  trials  of  flexibility  testing  -  first,  following  dissection;  second, 
following  fracture  production;  and  finally,  following  the  vertebroplasty  procedure. 


Parameters  Studied 

Several  different  methods  for  measurement  of  the  three-dimensional  motion  of  the 
superior  vertebra  in  relation  to  the  inferior  vertebra  in  spinal  constructs  have  been 
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described  in  the  literature,  including  use  of  helical  axis  of  motion  (HAM)  parameters  to 
quantify  intervertebral  motion  [29].  Perhaps  a  more  widely  accepted  method  for 
measuring  the  relative  intraspinal  motion  utilizes  three  Euler  angles  and  three  translations 
of  a  single  point  on  the  superior  vertebral  body  in  relation  to  the  origin,  defined  as  a 
posteroinferior  point  on  the  inferior  vertebral  body.  This  approach  provides  an  elegant 
means  of  breaking  down  the  complex  three-dimensional  motion  that  occurs  when  the 
spine  is  subjected  to  various  loading  conditions  into  simply  six  “degrees  of  freedom”  - 
three  translations  in  the  anterior-posterior,  left-right  and  superior-inferior  directions  and 
three  rotations  in  the  sagittal,  horizontal  and  frontal  planes. 

As  Panjabi  points  out  [17],  it  is  desirable  to  have  an  understanding  of  the  translational 
(e.g.  shearing)  motion  between  the  bony  fragments  at  the  site  of  fracture,  because  there  is 
a  theoretical  inverse  relationship  between  the  amount  of  sliding  motion  at  the  fracture  site 
and  the  rate  of  fracture  healing.  The  more  clinically  useful  parameter,  however,  is 
rotational  motion.  Initial  assessment  of  spinal  fractures  typically  involves  anterior- 
posterior  and  lateral  radiographs;  however,  while  the  amount  of  translation  seen  on 
radiographs  is  dependent  upon  the  distance  of  the  radiation  source  from  the  patient  and 
may  vary  with  subsequent  exposures,  the  angles  between  vertebrae  are  independent  of 
this  distance.  Because  serial  radiographic  assessment  of  the  injured  spinal  segment  is 
essential  for  monitoring  the  course  of  fracture  healing,  understanding  the  intervertebral 
rotational  motion  in  vitro  should  improve  our  ability  to  diagnose  and  prognosticate  for 
burst  fractures  in  vivo.  Furthermore,  the  ease  with  which  rotational  motion  lends  itself  to 
measurement  in  both  the  clinical  and  laboratory  settings  makes  it  an  ideal  parameter  for 
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scientific  study.  For  these  reasons,  describing  the  rotational  motion  between  vertebrae,  as 
measured  by  Euler  angles,  was  the  primary  focus  of  the  present  study. 

A  second  issue  involves  the  question  of  which  parameter  provides  the  most  accurate 
description  of  the  changes  in  intervertebral  motion  as  the  spinal  specimens  are  subjected 
to  trauma  and  subsequent  attempts  at  fixation.  It  is  generally  accepted  that  the  neutral 
zone  -  defined  as  that  part  of  the  range  of  physiological  intervertebral  motion  within 
which  spinal  motion  is  produced  with  minimal  internal  resistance  is  the  most  sensitive 
measure  of  injury  [30-33].  This  idea  was  championed  by  Panjabi  in  1992  [30],  who 
observed  that  the  neutral  zone  increases  with  injury  to  the  spinal  column  and  decreases 
with  fixation.  It  was  additionally  noted  that  the  size  of  the  neutral  zone  is  inversely 
correlated  with  the  amount  of  muscle  force  generated  by  the  active  stabilizing  system  of 
the  spine  (Figure  1 1). 


t*eutral  Too*  S!*e 


Figure  11.  Variation  of 
Neutral  Zone  (NZ)  Size  with 
Spinal  Column  Function 

The  black  line  illustrates  the 
changes  in  NZ  seen  with  spinal 
injury  and  spinal  fusion.  The 
shaded  box  represents  the 
physiologic  range  of  the  NZ. 

Reproduced  from  Panjabi  [30], 
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This  author  defined  the  theoretical  upper  limit  of  the  neutral  zone  as  the  state  of 
maximum  injury  to  the  spinal  column  with  the  minimum  amount  of  stabilizing  muscle 
and  ligamentous  function;  the  lower  limit  was  described  in  terms  of  a  spine  that  has 
undergone  osteophyte  formation  and  subsequent  autofusion  with  retention  of  maximal 
osteoligamentous  stability.  Perhaps  most  important,  Panjabi  hypothesized  that  the 
increase  in  neutral  zone  observed  in  the  laboratory  correlates  closely  with  the  inability  of 
the  injured  spine  to  maintain  its  proper  physiologic  alignment  clinically;  the  neutral  zone 
was  thus  accepted  to  be  a  laboratory  proxy  of  clinical  instability. 

In  vitro,  the  limits  of  the  neutral  zone  are  determined  by  the  residual  displacements  of  the 
spine  from  the  neutral  position  recorded  during  the  zero  load  conditions  of  the  flexibility 
testing.  However,  although  measurement  of  the  neutral  zone  is  easily  obtained  in  the 
laboratory,  there  is  no  reliable  method  of  assessing  this  parameter  clinically.  Instead, 
total  range  of  motion  (ROM)  and  range  of  motion  flexion-extension  radiography  are  the 
functional  tests  typically  employed  in  the  clinical  setting  to  assess  stability  of  the 
traumatically  injured  spine.  To  enable  the  findings  of  the  present  study  to  be  clinically 
relevant,  the  range  of  motion  -  defined  as  the  entire  range  of  physiologic  intervertebral 
motion,  or  the  spinal  displacement  from  the  neutral  position  at  the  completion  of  three 
loading  cycles  -  was  also  measured. 

The  third  parameter  that  is  often  discussed  in  the  context  of  NZ  and  ROM  is  the  elastic 
zone,  or  EZ,  defined  as  the  spinal  displacement  from  the  outer  limits  of  the  NZ  to  the 
position  under  maximum  loading  conditions  (e.g.  ROM).  Because  the  value  of  EZ  can  be 
calculated  from  the  measured  values  for  NZ  and  ROM  (EZ  =  ROM  -  NZ),  no  additional 
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information  is  obtained  from  measurements  of  this  variable  and  it  was  not  taken  into 
account  in  the  present  study. 


Trauma  production 

The  incremental  method  of  trauma  production  employed  in  this  experiment  has  been 
previously  described  in  the  scientific  literature  [28,  34]  and  consists  primarily  of  falling 
masses  repeatedly  impacting  the  superior  aspect  of  the  spinal  specimen  at  high  velocity 
until  injury  is  detected.  Specifically,  the  lower  mount  of  the  specimen  was  fixed  onto  a 
multidirectional  load  cell  (AMTI,  Model  MC-6-4000,  Newton,  MA),  which  measured  the 
load  transferred  to  the  spine  specimen  during  testing.  The  upper  mount  of  the  specimen 
was  unconstrained  and  remained  free  to  move  throughout  the  axial  loading  conditions. 
Resting  on  top  of  the  upper  mount  of  the  specimen  was  an  impounder,  which  transferred 
the  axial  load  to  the  spinal  specimens.  To  induce  spinal  trauma,  a  falling  mass  was 
dropped  onto  the  impounder  from  a  height  of  1 .6m,  guided  by  a  Plexiglas  tube  affixed  to 
both  the  floor  and  ceiling  of  the  laboratory.  The  initial  mass  selected  for  trauma 
production  was  1 2kg.  Following  the  impact,  each  specimen  underwent  gross  flexion- 
extension  testing  to  assess  for  acute  increases  in  motion  associated  with  burst  fracture 
production.  In  specimens  demonstrating  qualitatively  increased  motion  during  flexion- 
extension  testing,  the  presence  of  burst  fracture  was  confirmed  by  lateral  radiograph.  In 
specimens  without  increased  motion  following  high-velocity  impact  with  a  12kg  mass,  a 
second  attempt  at  trauma  production  was  made,  using  a  larger  falling  mass  (14kg).  No 
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specimen  required  a  mass  greater  than  14kg  to  produce  a  clinically  detectable  burst 
fracture  whose  presence  was  confirmed  by  diagnostic  imaging.  Trauma  production  was 
performed  by  RVS. 


Distraction/Reduction 

The  fractured  specimens  underwent  flexibility  testing,  as  described  above,  and  then 
bipedicular  pedicle  screw  placement  was  performed  by  RVS.  Pedicle  screws  were  placed 
in  the  inferior  and  superior  vertebrae  (two  screws  placed  both  above  and  below  the 
fractured  vertebral  body)  using  a  transpedicular  “in  and  parallel”  approach.  As  no 
additional  instrumentation  (e.g.  connecting  rods)  was  used  to  provide  stability  to  the 
fractured  spinal  construct,  the  function  of  the  pedicle  screws  was  not  fixation  but  rather 
traction  during  distraction  and  reduction  of  the  fracture.  Once  the  pedicle  screws  were  in 
place,  distraction  was  accomplished  by  “levering”  the  pedicle  screws  apart  until 
subjective  restoration  of  the  pre-injury  distance  and  angulation  between  vertebrae  had 
been  achieved.  Next,  the  prongs  of  a  distracting  tool  were  inserted  on  either  side  of  the 
fractured  central  vertebra  and  the  device  was  tightened  to  maintain  acceptable  fracture 
reduction  during  subsequent  injection  of  PMMA  cement. 


“ Percutaneous  ”  Vertebroplasty 

Following  reduction  of  the  fracture,  vertebroplasty  was  performed  by  RVS  according  to  a 
method  adapted  from  those  previously  described  in  the  literature  [18-27,  35-37].  As 


30 


detailed  above,  constant  distraction  was  maintained  throughout  PMMA  injection  with  the 
aid  of  a  locking  distraction  tool.  Then,  5-10mL  of  bone  cement  was  injected  into  each 
side  of  the  comminuted  vertebral  bodies  through  a  14-gauge  biopsy  needle.  A 
transpedicular  approach  was  used  to  eliminate  the  risk  of  breaching  the  spinal  canal. 

Prior  to  injection,  the  PMMA  was  radiographically  enhanced  by  the  addition  of  barium 
sulfate  and  the  entire  procedure  was  performed  under  the  fluoroscopic  guidance  of  a  C- 
arm.  In  this  way,  it  was  possible  to  confirm  placement  of  the  biopsy  needle  in  the  bone, 
as  well  as  to  monitor  for  extravasation  of  cement  into  the  epidural  space  and  the  spinal 
canal.  The  distraction  tool  remained  locked  in  place  for  twenty-four  hours  following 
PMMA  injection  to  allow  adequate  time  for  the  cement  to  set  in  the  reduced  fracture. 


Data  analysis 

Kinmat,  a  software  program  designed  in  the  laboratory  for  use  with  the  flexibility  and 
Optotrak  machines,  was  employed  to  generate  raw  data  files  of  the  rotational  motion 
occurring  between  the  top  and  bottom  vertebrae  in  each  spinal  specimen  during  flexibility 
testing.  Next,  total  neutral  zone  (NZ)  values  were  calculated  according  to  the  formula: 

NZ  =  |  negative  motion  at  zero  load  -  positive  motion  at  zero  load  | . 

Similarly,  total  range  of  motion  (ROM)  was  calculated  according  to  the  formula: 

ROM  =  |  negative  motion  at  maximal  load  -  positive  motion  at  maximal  load  | . 
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By  considering  the  total  NZ  and  total  ROM  for  each  of  the  three  moment  pairs  -  rather 
than  breaking  the  forward/backward  bending,  right/left  rotation  and  right/left  lateral 
bending  moments  into  six  components  -  the  data  analysis  became  less  complicated. 
However,  the  values  for  NZ  and  ROM  reflect  only  whether  motion  in  each  plane  (frontal, 
axial  and  sagittal)  was  increased  or  decreased;  they  do  not  indicate  the  direction  of  the 
motion.  This  was  deemed  acceptable  for  purposes  of  the  present  study,  whose  primary 
aim  was  measurement  of  the  effects  of  PVP  on  total  intervertebral  motion. 

Average  NZ  and  ROM  values  (+/-  SEM,  the  standard  error  of  the  mean)  were  calculated 
for  each  of  the  three  motion  pairs  (e.g.  flexion-extension,  right-left  axial  torque  and  right- 
left  lateral  bending),  in  each  state  (e.g.  intact,  burst-fractured,  and  post-vertebroplasty)  for 
motion  in  each  plane  (XY,  or  frontal  plane;  XZ,  or  axial  plane;  and  YZ,  or  sagittal  plane). 
In  this  way,  general  trends  in  the  data  could  be  easily  identified. 

Next,  average  differences  in  ROM  and  NZ  values  between  the  intact  and  fractured, 
fractured  and  post-PVP  and  intact  and  post-PVP  states  were  calculated  for  each  of  the 
three  motion  pairs  (flexion-extension,  right-left  axial  torque  and  right-left  lateral  bending) 
in  each  plane  (frontal,  axial  and  sagittal).  Statistical  analysis  of  these  differences  was 
performed  using  paired  t-tests,  with  statistical  significance  set  at  p<0.05.  Finally,  the 
percent  correction  of  abnormal  intervertebral  motion  achieved  with  PVP  was  calculated 
according  to  the  following  equation; 

/o  Correction  (100)[(motionfyacturec)  motionpOSt_verte(,r0piasiy)/  (motionfractured  -  motionmtaCt)], 

where  100%  correction  represents  complete  restoration  of  intervertebral  motion  to  pre¬ 
fracture  levels.  Overcorrection  -  a  net  reduction  of  intervertebral  movement  -  is  thus 
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represented  by  a  percentage  greater  than  100,  and  undercorrection  by  a  percentage  less 
than  100.  For  instances  in  which  abnormal  intervertebral  motion  worsened  with 
vertebroplasty,  the  percent  “correction”  is  represented  by  a  negative  value. 


Results 

As  detailed  above,  the  total  neutral  zone  (NZ)  and  range  of  motion  (ROM)  were 
calculated  for  each  experimental  parameter.  Resultant  NZ  averages  are  displayed  in 
Table  1  A.  Average  ROM  values  are  presented  in  Table  1 B. 


Table  1.  Average  total  motion  (+/-  SEM)  between  top  and  bottom  vertebrae  during  flexibility  testing. 

A:  Average  total  motion  in  the  neutral  zone  (NZ) 

B :  Average  total  range  of  motion  (ROM) 

Rotational  motion  measured  in  Euler  angles  around  the  X,  Y  and  Z  axes  (degrees). 

Shading  designates  m-plane  motion. 


A  -  NZ 

Intact 

Fracture 

PVR 

Axis 

X 

Y 

Z 

X 

Y 

Z 

X 

Y 

Z 

Flexion- 

1.40 

0.33 

1.82 

7.78 

3.40 

11.43 

12.21 

0.46 

1.98 

Extension 

+/-  0.22 

+/-0.13 

+/-  0.99 

+/- 1.55 

+/-  1.56 

+/- 1.73 

+/-  3.61 

+/-  0.39 

+/-  1.23 

Axial 

0.34 

0.82 

0.24 

2.64 

2.93 

1.40 

0.59 

4.62 

1.35 

Torque 

+/-0.12 

+/-  0.14 

+/-  0.07 

+/-  0.94 

+/-  0.81 

+/-  0.54 

+/-  0.22 

+/-  2.01 

+/-  0.98 

Lateral 

2.90 

1.20 

2.32 

9.80 

8.00 

9.42 

1.26 

0.92 

14.01 

Bending 

+/-1.18 

+/-  0.81 

+/-  0.66 

+/- 1.64 

+/-1.20 

+/-1.00 

+/-  0.72 

+/-0.16 

+/■  3.72 
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B  -  ROM 

Intact 

Fracture 

PVR 

Axis 

X 

Y 

Z 

X 

Y 

Z 

X 

Y 

Z 

Flexion- 

6.01 

1.49 

5.86 

16.99 

8.66 

22.15 

27.60 

1.68 

2.41 

Extension 

+/-  0.56 

+/-  0.59 

+/-  2.88 

+/- 1.58 

+/-1.83 

+/-0.94 

+/-  5.54 

+/-  0.96 

+/- 1.52 

Axial 

2.13 

3.13 

1.42 

10.26 

9.94 

4.56 

0.71 

14.24 

5.22 

Torque 

+/- 1.19 

+/-  0.55 

+/-  0.64 

+/-  2.94 

+/-  2.51 

+/- 1.77 

+/-  0.16 

+/-  5.09 

+/-  2.68 

Lateral 

10.86 

9.64 

16.10 

20.12 

16.53 

20.13 

4.36 

2.30 

30.81 

Bending 

+/-  7.11 

+/-  7.39 

+/-  7.82 

+/-  0.66 

+/-  0.67 

+/- 1.22 

+/-0.97 

+/-  0.53 

+/-  6.84 

When  compared  with  standard  in-plane  values  established  in  the  literature  for  the  same 
spinal  levels  (e.g.  T12-L5),  the  values  of  our  data  points  seem  generally  low  [7], 
However,  this  discrepancy  reflects  the  fact  that  the  maximum  load  applied  to  our  spinal 
specimens  was  4Nm,  while  the  load  applied  to  generate  the  published  data  was  lONm. 
This  greater  degree  of  loading  was  consciously  avoided  in  the  present  study,  in  an  effort 
to  prevent  further  injury  to  the  burst-fractured  vertebrae  during  the  flexibility  testing 
procedure.  A  second  observation  made  about  the  data  was  that  the  coupled  motion 
observed  during  flexion-extension  testing,  specifically  that  in  the  frontal  (XY)  plane  was 
greater  than  would  be  expected  when  compared  with  published  values  [7],  This 
aberration  is  more  difficult  to  explain,  but  as  it  remained  consistent  throughout  the  study, 
it  does  not  detract  from  our  ability  to  draw  rational,  relevant  conclusions  from  the  data. 

The  data  for  both  NZ  and  ROM  are  depicted  in  graphical  form  for  each  of  the  three 
phases  of  flexibility  testing:  flexion-extension,  axial  torque  and  lateral  bending  (Figure 
12A-C).  In  these  figures,  several  clear  trends  emerge:  (1)  intervertebral  motion  increases 
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as  intact  specimens  are  subjected  to  axial  compressive  forces;  (2)  intervertebral  motion  in 
the  plane  of  the  primary  spinal  motion  -  sagittal  (YZ)  plane  for  flexion-extension,  axial 
(XZ)  plane  for  axial  torque  and  frontal  (XY)  plane  for  lateral  bending  -  increases 
following  vertebroplasty;  and  (3)  intervertebral  motion  out  of  plane  to  the  dominant 
spinal  movement,  or  coupled  motion,  decreases  following  the  injection  of  PMMA  into 
the  comminuted  vertebral  body. 


Figure  12.  Average  total  intervertebral  motion  during  flexibility  testing  in  the  intact,  fractured  and 
post-vertebroplasty  states.  ROM  =  NZ  +  EZ. 

A.  Flexion-Extension  =  rotation  about  the  X-axis 

B.  Axial  Torque  =  rotation  about  the  Y-axis 

C.  Lateral  Bending  =  rotation  about  the  Z-axis 

Standard  error  of  the  mean  (SEM)  designated  by  error  bars.  In-plane  motion  designated  by  yellow  shading. 


A.  AVERAGE  INTERVERTEBRAL  MOTION  DURING  FLEXION-EXTENSION  TESTING 
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B.  AVERAGE  INTERVERTERBAL  MOTION  DURING  AXIAL  TORQUE  TESTING 

ROM  =  NZ  +  EZ 
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C.  AVERAGE  INTERVERTEBRAL  MOTION  DURING  LATERAL  BENDING  TESTING 

ROM  =  NZ  +  EZ 
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Next,  from  the  neutral  zone  values  calculated  for  each  specimen,  the  differences  in  the  neutral 


zones  recorded  for  the  intact  and  burst-fractured  states  were  determined  for  each  of  the  three 
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testing  conditions  in  each  of  the  three  planes.  From  these  sums,  the  average  differences  for  all  of 
the  specimens  were  ultimately  determined  with  the  corresponding  standard  error  of  the  mean 
(Table  3). 


Table  3.  Average  difference 
in  total  NZ  (+/-  SEM) 
between  INTACT  and 
FRACTURED  states. 

Rotational  motion  measured 
in  Euler  angles  around  the  X, 
Y  and  Z  axes  (degrees). 
Shading  designates  in-plane 
motion. 

Positive  values  indicate 
increased  motion;  negative 
values  indicate  decreased 
motion. 

*  indicates  statistical 
significance  (p<0.05) 
"indicates  statistical 
significance  (p<0.01) 


X 

Y 

Z 

Flexion- 

Extension 

+6.38+/-  1.43 

+3.07+/-  1.67 

+9.61  +/-  1.81 

Axial 

Torque 

+2.30  +/-  0.85 

+2.11+/-  0.86' 

+1.16+/- 0.57* 

Lateral 

Bending 

+6.91  +/-  2.61 

+6.81  +/-  1.92* 

+7.10+/-  1.13*’ 

Naturally,  it  is  expected  that  intervertebral  motion  should  increase  with  the  production  of 
burst  fracture  as  the  stability  of  the  spinal  column  is  compromised  by  the  traumatic 
disruption  of  its  supportive  osteoligamentous  structures.  This  prediction  was  borne  out  in 
the  neutral  zone,  as  a  clear  trend  of  increasing  intervertebral  motion  between  the  intact 
and  fractured  states  emerged.  However,  the  trend  was  not  robust,  failing  to  achieve 
statistical  significance  in  all  planes  of  flexion-extension  testing,  as  well  as  in  the  sagittal 
(YZ)  plane  for  axial  torque  and  lateral  bending  testing.  This  lack  of  statistical 
significance  is  likely  attributable  to  the  small  numerical  values  associated  with 
measurement  of  the  neutral  zone  and  is  more  reflective  of  the  lack  of  statistical  power 
inherent  to  a  small-scale  study  than  of  a  particularly  credible  null  hypothesis. 
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Similarly,  once  the  values  for  range  of  motion  had  been  calculated  for  each  specimen  and 
average  values  determined  for  the  entire  group,  it  was  possible  to  determine  the  average 
differences  in  ROM  +/-  SEM  between  specimens  in  the  intact  and  burst-fractured  states 
(Table  4). 


Table  4.  Average  difference 
in  total  ROM  (+/-  SEM) 
between  INTACT  and 
FRACTURED  states. 

Rotational  motion  measured 
in  Euler  angles  around  the  X, 
Y  and  Z  axes  (degrees). 
Shading  designates  in-plane 
motion. 

Positive  values  indicate 
increased  motion;  negative 
values  indicate  decreased 
motion. 

*  indicates  statistical 
significance  (p<0.05) 

’  indicates  statistical 
significance  (p<0.01) 


X 

Y 

Z 

Flexion- 

Extension 

+10.98  +/- 1.85 

+7.17  +/-  2.40 

+16.29  +/-  2.40  * 

Axial 

Torque 

+8.13  +/-2.05* 

+6.82  +/-  2.37' 

+3.14  +/- 1.16* 

Lateral 

Bending 

+15.08  +/-  3.09" 

+14.84  +/- 1.94" 

+12.53  +/-  2.29" 

Here  again,  a  universal  increase  in  intervertebral  motion  was  expected  when  the  ROM 
values  for  fractured  specimens  were  compared  with  the  corresponding  ROM  values  in  the 
intact  state.  The  data  fit  ideally  with  this  prediction:  for  all  applied  moments,  a 
statistically  significant  increase  in  motion  -  both  in-plane  and  coupled  with  the  dominant 
spinal  motion  -  was  observed  (p<0.05). 

Next,  the  average  change  observed  in  the  neutral  zone  from  the  fractured  to  post¬ 
vertebroplasty  states  was  calculated  (Table  5). 
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Table  5.  Average  difference 
in  total  NZ  (+/-  SEM) 
between  FRACTURED  and 
POST-PVP  states. 

Rotational  motion  measured  in 
Euler  angles  around  the  X,  Y 
and  Z  axes  (degrees). 

Shading  designates  in-plane 
motion. 

Positive  values  indicate 
increased  motion;  negative 
values  indicate  decreased 
motion. 


X 

Y 

Z 

Flexion- 

Extension 

+7.51  +/-  2.39* 

-2.94+/-  1.76” 

-9.45  +/-  2.29' 

Axial 

Torque 

-2.05  +/-  0.86 

+2.43+/- 0.91 

-0.98  +/-  0.43 

Lateral 

Bending 

-8.55  +/-  1 .99' 

-7.09+/-  1.14" 

+7.34  +/-  2.70' 

It  was  predicted  at  the  outset  that  vertebroplasty  would  decrease  intervertebral  motion 
and  thus  stabilize  the  burst  fracture.  What  was  observed,  however,  was  that  motion 
occurring  in  the  plane  of  the  primary  spinal  motion  generally  increased  with  PVP;  out-of- 
plane ,  or  coupled,  motion  decreased  as  expected.  This  trend  remained  consistent 
throughout  the  experiment.  We  believe  that  the  some  aspect  of  the  vertebroplasty 
procedure  itself  induces  a  degree  of  planar  instability  whose  implications  are  currently 
not  well  understood. 


As  summarized  in  Table  5,  all  neutral  zone  differences  followed  the  aforementioned 
trends,  yet  not  all  achieved  statistical  significance.  Specifically,  flexion-extension  and 
lateral  bending  testing  revealed  significant  PVP-related  decreases  in  coupled  motion  and 
significant  increases  in  planar  motion.  Although  the  results  of  axial  torque  testing 
followed  the  same  trends,  they  failed  to  demonstrate  statistically  significant  changes  in 
intervertebral  motion  within  the  neutral  zone.  As  previously  discussed,  the  lack  of 
significance  is  likely  due  to  the  combination  of  the  relatively  small  values  associated  with 
motion  in  the  neutral  zone  and  of  the  small  statistical  power  of  the  present  study. 
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When  the  average  differences  in  ROM  were  calculated  between  specimens  in  the 
fractured  and  post-vertebroplasty  states,  significant  decreases  in  coupled  motion  and 
significant  increases  in  planar  motion  were  observed.  The  results  are  presented  in  Table 
6. 


Table  6.  Average  difference 
in  total  ROM  (+/-  SEM) 
between  FRACTURED  and 
POST-PVP  states. 

Rotational  motion  measured  in 
Euler  angles  around  the  X,  Y 
and  Z  axes  (degrees). 

Shading  designates  in-plane 
motion. 

Positive  values  indicate 
increased  motion;  negative 
values  indicate  decreased 
motion. 

*  indicates  statistical 
significance  (p<0.05) 

‘  indicates  statistical 
significance  (p<0.01) 


X 

Y 

Z 

Flexion- 

Extension 

+14.55  +/-2.30 

-6.98  +/-1.99 

-19.74  +/-2.18 

Axial 

-9.55  +/-  2.89' 

+1.70  +/-  0.52 

Torque 

+6.59  +/-  2.08 

Lateral 

Bending 

-15.77  +/- 1.36 

-14.23  +/- 1.12" 

+15.35  +1-2.22" 

The  sole  data  point  that  failed  to  conform  to  the  pattern  was  the  frontal  plane  for  axial 
torque  testing  (e.g.  rotational  motion  about  the  Z-axis);  although  we  would  expect  to  see 
a  decrease  in  intervertebral  movement  for  this  nonplanar  motion,  a  significant  increase 
was  observed.  This  aberration  may  perhaps  be  explained  by  the  small  absolute  value  of 
the  data  point  (1.70  +/-  0.52  °),  especially  when  taken  in  the  context  of  a  data  collection 
system  with  a  built-in  measurement  error  of  roughly  0.5  °.  This  deviation  may  also  be 
attributed  to  the  complex  motion  associated  with  axial  torque,  a  motion  qualitatively 
different  and  inherently  less  predictable  than  that  of  either  forward/backward  or  lateral 


bending. 


40 


Finally,  the  average  differences  in  neutral  zone  values  between  the  intact  (pre-fracture) 
and  post-vertebroplasty  states  were  calculated  (Table  7). 


Table  7.  Average  difference 
in  total  NZ  (+/-  SEM) 
between  INTACT  and 
POST-PVP  states. 

Rotational  motion  measured 
in  Euler  angles  around  the  X, 
Y  and  Z  axes  (degrees). 
Shading  designates  in-plane 
motion. 

Positive  values  indicate 
increased  motion;  negative 
values  indicate  decreased 
motion. 

*  indicates  statistical 
significance  (p<0.05) 
indicates  statistical 
significance  (p<0.01) 


X 

Y 

Z 

Flexion- 

Extension 

+  10.81  +/-  3.59* 

+0.54  +/-  0.28’ 

+2.81  +/-  1.03’ 

Axial 

Torque 

+0.32+/- 0.19 

+3.84  +/-  2.06’ 

+  1.13+/- 0.97’ 

Lateral 

Bending 

-1.64+/- 0.62’ 

-1.31  +/-0.58’ 

+11.69+/-  3.22’ 

In  this  case,  the  experimental  assumption  was  that  PVP  would  not  only  significantly 
decrease  the  intervertebral  motion  observed  in  the  burst-fractured  state,  but  that  this 
motion  would  be  restored  to  a  level  indistinguishable  from  that  measured  prior  to  trauma 
production.  Thus,  it  was  predicted  that  the  average  differences  in  neutral  zone,  if  any, 
would  not  be  statistically  significant.  Following  the  established  trend  (and  counter  to  a 
priori  predictions),  in-plane  motion  in  the  NZ  was  significantly  increased  between  the 
intact  and  post-PVP  states.  The  data  for  coupled  motion  are  more  difficult  to  decipher: 
there  were  significant  increases  observed  in  out-of-plane  motion  for  flexion-extension 
and  axial  torque  testing,  suggesting  that  PVP  fails  to  restore  motion  in  the  neutral  zone  to 
pre-injury  levels  for  these  movements.  Conversely,  there  were  significant  decreases  in 
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out-of-plane  motion  associated  with  lateral  bending  testing,  which  would  seem  to  suggest 
that  overcorrection  is  occurring.  However,  the  values  corresponding  to  these  unexpected 
findings  were  extremely  small;  while  it  is  possible  that  overcorrection  occurs  in  the  NZ 
for  lateral  bending,  it  is  far  more  likely  that  the  results,  as  before,  reflect  instead  the  small 
numerical  values  associated  with  the  parameter  being  studied  (NZ). 


Finally,  we  examined  the  differences  in  the  average  ROM  before  fracture  production  and 
after  injection  of  bone  cement,  (Table  8,  below). 


Table  8.  Average 
difference  in  total  ROM 
(+/-  SEM)  between 
INTACT  and  POST-PVP 
states. 

Rotational  motion 
measured  in  Euler  angles 
around  the  X,  Y  and  Z  axes 
(degrees). 

Shading  designates  in¬ 
plane  motion. 

Positive  values  indicate 
increased  motion;  negative 
values  indicate  decreased 
motion. 

*  indicates  statistical 
significance  (p<0.05) 


X 

Y 

Z 

Flexion- 

Extension 

+21.59  +/-  4.98* 

+1.5+/- 0.77 

-6.37  +/-  2.48* 

Axial 

Torque 

-1.67  +/-0.97 

+11.12  +/-  5.00 

+3.88  +/-  2.00 

Lateral 

Bending 

-9.92  +/-  5.82 

-8.35  +/-  6.53 

+14.71  +/-6.09* 

In  this  case,  the  specimens  behaved  almost  precisely  as  predicted  for  coupled  motion,  and 
precisely  opposite  to  the  predicted  behavior  for  in-plane  motion.  Specifically,  we 
expected  that  there  would  be  no  significant  difference  in  intervertebral  motion  between 
the  intact  and  post-vertebroplasty  states.  With  the  exception  of  the  frontal  (XY)  plane  for 
flexion-extension  testing,  which  demonstrated  a  significant  overcorrection  of  movement 


42 


(e.g.  restoration  of  intervertebral  motion  to  below  intact  levels),  there  were  no  significant 
differences  in  intervertebral  movement  recorded  for  out-of-plane  motion.  Planar 
movement  was  significantly  increased  for  the  flexion-extension  and  lateral  bending 
testing  conditions;  although  a  substantial  increase  in  the  in-plane  intervertebral  motion 
was  observed  during  axial  torque  testing,  this  value  (11.12+/-  5.00°)  failed  to  achieve 
statistical  significance. 

In  summary,  when  one  focuses  solely  on  the  intervertebral  motion  occurring  in  the  plane 
of  the  dominant  spinal  movement,  there  are  statistically  significant  increases  documented 
almost  uniformly  in  both  the  NZ  and  ROM  between  the  intact  and  fractured,  fractured 
and  post-vertebroplasty  and  intact  and  post-vertebroplasty  states.  Thus,  in  the  plane  of 
movement,  PVP  not  only  fails  to  restore  intraspinal  motion  to  pre-injury  levels,  but  it 
significantly  worsens  the  abnormal  motion  observed  in  the  fractured  spine.  By  contrast, 
when  one  concentrates  on  the  changes  documented  for  coupled  intervertebral  motion, 
there  are  statistically  significant  decreases  demonstrated  in  both  the  NZ  and  ROM 
following  the  addition  of  PMMA  to  burst-fractured  specimens.  Furthermore,  the  ROM 
data  exhibit  a  complete  restoration  of  the  coupled  intervertebral  motion  to  pre-injury 
levels.  The  corresponding  NZ  data  are  less  conclusive,  failing  to  reliably  demonstrate  the 
ability  of  vertebroplasty  to  restore  out-of-plane  intervertebral  motion  to  physiologic 
levels.  Future  studies  should  strive  to  unequivocally  establish  the  effect  of  PVP  on 
coupled  motion  in  the  NZ. 

Finally,  the  correction  of  abnormal  intervertebral  motion  achieved  with  PVP  was 
calculated  and  expressed  as  a  percentage.  Resultant  values  are  shown  in  Table  9. 
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According  to  our  hypothesis  that  vertebroplasty  restores  intervertebral  motion  in  burst- 
fractured  specimens  to  pre-injury  levels,  we  would  expect  the  change  in  motion  as  the 
specimen  undergoes  burst  fracture  to  be  equal  in  magnitude  to  the  change  in  motion  as 
the  fractured  specimen  undergoes  vertebroplasty.  The  resultant  ratio  would  ideally  be  1, 
representing  a  100%  correction  of  abnormal  intervertebral  motion.  Overcorrection  (e.g.  a 
reduction  in  intervertebral  motion  to  below  pre-injury  levels)  would  thus  reflected  in  a 
correction  ratio  greater  than  1  (100%),  whereas  undercorrection  would  be  indicated  by  a 
ratio  less  than  1  (100%).  Finally,  for  instances  in  which  vertebroplasty  worsens  the 
abnormal  motion  between  the  vertebrae  -  as  it  does  uniformly  for  motion  in  the  plane  of 
the  main  spinal  movement  -  the  correction  ratio  would  assume  a  negative  value. 


Table  A 

X 

Y 

Z 

FLEXION- 

EXTENSION 

-69.4 

95.8 

98.3 

AXIAL 

TORQUE 

89.2 

-80.4 

4.3 

LATERAL 

BENDING 

123.8 

104.1 

-64.6 

Table  B 

X 

Y 

Z 

FLEXION- 

EXTENSION 

-96.7 

97.3 

121.2 

AXIAL 

TORQUE 

117.5 

-63.1 

-21.2 

LATERAL 

BENDING 

170.2 

206.6 

-265.5 

Table  9.  Percent  correction 
of  intervertebral  motion 

A  =  NZ 

B  =  ROM 

Complete  restoration  of 
motion  to  pre-fracture  levels 
corresponds  to  1 00% 
correction. 

Positive  values  indicate 
correction  of  intervertebral 
motion.  Negative  values 
indicate  worsening  of 
intervertebral  motion. 

Shading  designates  in-plane 
motion. 
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The  concept  of  percentage  correction  is  depicted  graphically  in  Figure  13  (below). 


A.  AVERAGE  ROTATIONAL  CORRECTION  IN  THE  NEUTRAL  ZONE 


B.  AVERAGE  ROTATIONAL  CORRECTION  OF  RANGE  OF  MOTION 


Figure  13.  Average  rotational  correction  (%)  during  flexion-extension,  axial  torque 
and  lateral  bending  testing. 

A.  Neutral  Zone 

B.  Range  of  Motion 

Yellow  shading  designates  in-plane  motion. 
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As  these  figures  illustrate,  vertebroplasty  significantly  worsens  intervertebral  motion  in 
the  plane  of  spinal  movement  by  more  than  50%  in  both  the  NZ  and  ROM;  in  one 
instance,  PVP  increased  the  planar  motion  by  almost  300%  above  the  physiologic  ROM 
of  the  intact  specimens  (e.g.  ROM  around  the  Z-axis  during  lateral  bending).  However, 
for  motion  out-of-plane  to  the  dominant  spinal  movement,  we  observe  vertebroplasty- 
related  corrections  in  abnormal  intervertebral  motion  of  varying  degrees.  In  flexion- 
extension  and  axial  torque  testing,  for  example,  vertebroplasty  corrects  the  coupled 
motion  by  roughly  one  to  two  hundred  percent  in  both  the  NZ  and  ROM.  While  motion 
in  the  sagittal  plane  during  lateral  bending  testing  follows  a  similar  pattern,  motion  in  the 
frontal  plane  demonstrates  a  confounding  lack  of  correction,  a  finding  not  easily 
explained.  By  evaluating  a  greater  number  of  specimens,  future  trials  should  be  able  to 
elucidate  whether  the  lack  of  correction  observed  in  the  sagittal  plane  during  lateral 
bending  testing  is  representative  of  spinal  behavior  or  whether  it  is  the  spurious  result  of 
a  low-powered  study. 

Despite  this  deviation,  it  seems  clear  that  vertebroplasty  is  extremely  effective  in 
correcting  the  abnormal  coupled  motion  observed  in  burst-fractured  specimens  to 
physiologic  levels.  Its  effect  on  planar  motion  -  uniform  worsening  of  abnormally 
increased  intervertebral  motion  -  is  equally  apparent,  if  not  desired.  It  seems  that  for 
vertebroplasty  to  become  an  accepted  therapeutic  intervention  for  traumatic  spinal  injury, 
it  must  be  used  in  conjunction  with  an  intervention  that  effectively  restores  in-plane 


motion. 
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Discussion 

The  impetus  to  evaluate  vertebroplasty  as  a  method  for  stabilizing  thoracolumbar  burst 
fracture  stems  from  the  fact  that  the  current  standard  of  treatment  -  surgical  fusion  of 
multiple  spinal  levels  -  is  not  without  serious  disadvantages.  First  among  these  is  the 
loss  of  spinal  mobility  inherent  to  any  fusion  procedure.  Patients  not  only  report  less 
spinal  mobility,  but  there  are  also  not  infrequent  complaints  about  the  implanted 
hardware  painfully  compressing  adjacent  structures.  Also  worthy  of  note  is  the  fact  that 
fusion  alters  the  biomechanics  of  the  spine  in  such  a  way  that  the  vertebrae  adjacent  to 
those  fused  are  significantly  more  likely  to  become  injured  themselves,  necessitating 
future  interventions.  Finally,  the  surgical  fusion  procedure  is  quite  invasive,  carrying 
with  it  all  of  the  risks  associated  with  lengthy  surgery  and  general  anesthetic  sedation  of 
the  patient,  such  as  infection  and  myocardial  infarction.  Because  it  is  a  less  invasive 
procedure  of  significantly  shorter  duration,  requiring  very  little  implanted  hardware  and 
in  some  cases,  only  conscious  sedation,  percutaneous  vertebroplasty  would  theoretically 
eliminate  many  of  the  problems  associated  with  spinal  fusion.  Establishing  PVP  as  an 
effective  method  for  stabilizing  vertebral  fracture  would  herald  a  revolution  in  the 
management  of  spinal  trauma. 

This  study  presents  clear  biomechanical  evidence  that  vertebroplasty  -  the  injection  of 
PMMA  into  a  comminuted  vertebral  body  under  fluoroscopic  guidance  -  is  able  to 
correct  the  abnormal  coupled  motion  observed  in  the  burst-fractured  spine.  However,  the 
marked  success  of  vertebroplasty  in  reducing  the  abnormally  increased  ROM  outside  the 
plane  of  spinal  movement  is  tempered  by  the  facts  that  (1)  in-plane  motion  is 
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significantly  increased  by  the  injection  of  PMMA,  and  (2)  motion  in  the  neutral  zone  is 
not  reliably  restored  to  pre-fracture  levels  by  vertebroplasty.  Additional  concerns  include 
the  widespread  skepticism  among  spine  surgeons  that  PVP  is  safe  for  use  in  the  setting  of 
trauma  and  the  fact  that  PVP  has  not  been  shown  to  be  effective  in  the  high-demand, 
previously  high-functioning  patients  who  typically  suffer  from  traumatic  spinal  injury. 

First,  an  absolute  requirement  of  any  therapeutic  intervention  for  vertebral  burst  fracture 
is  an  ability  to  reliably  and  effectively  reduce  abnormal  intervertebral  motion  both  in¬ 
plane  and  out-of-plane  to  the  dominant  spinal  motion.  While  our  results  demonstrate  a 
remarkable  ability  of  PVP  to  decrease  abnormal  coupled  motion,  we  have  shown  that  the 
abnormally  increased  main  spinal  motion  is  worsened  by  the  vertebroplasty  procedure. 
This  finding  immediately  prevents  serious  consideration  of  PVP  as  the  primary  treatment 
of  choice  for  burst  fracture  stabilization. 

Second,  while  the  entire  range  of  nonplanar  spinal  movement  is  uniformly  decreased  by 
PVP,  coupled  motion  in  the  NZ  may  actually  remain  significantly  elevated  above  pre¬ 
injury  levels,  perhaps  predisposing  the  affected  vertebra  and  its  adjacent  vertebrae  to 
repetitive  microtrauma.  As  discussed  previously,  the  NZ  is  believed  to  be  a  more 
sensitive  indicator  of  spinal  trauma  than  ROM  [30-33];  it  follows  from  this  that  the  most 
desirable  therapeutic  procedure  would  effectively  decease  abnormal  intervertebral  motion 
in  the  ROM  and  especially  in  the  NZ.  Studies  with  greater  statistical  power  are  needed  to 
determine  the  true  effect  of  PVP  on  coupled  motion  in  the  NZ. 

An  additional  concern  is  the  safety  of  the  vertebroplasty  procedure  in  the  setting  of  spinal 
trauma.  The  argument  can  be  made  that  injecting  PMMA  into  a  traumatically  burst- 
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fractured  vertebra  is  a  recipe  for  disaster.  As  a  burst  fracture,  by  definition,  extends  into 
the  posterior  cortex  of  the  vertebral  body,  there  exist  avenues  through  which  injected 
cement  may  travel  directly  into  the  spinal  canal,  potentially  resulting  in  devastating 
neurologic  complications.  The  fact  that  a  higher  complication  rate  is  observed  in  patients 
with  vertebral  fractures  resulting  from  malignancy  [23]  argues  strongly  that  the  degree  of 
comminution  of  the  vertebral  body  is  associated  with  risk  of  complication.  It  is  therefore 
conceivable  that  the  great  degree  of  comminution  associated  with  burst  fractures  may 
result  in  an  unacceptably  high  rate  of  cord  compression  and  other  neurologic  side  effects 
-  a  complication  rate  much  larger  than  that  described  for  patients  with  osteoporotic  or 
even  metastatic  compression  fractures.  The  potential  for  the  PVP  procedure  to  do  a 
burst-fractured  patient  greater  harm  must  be  completely  investigated  before  it  is  accepted 
for  clinical  use. 

The  clinical  relevance  of  this  study  may  also  be  called  into  question  -  the  vast  majority  of 
vertebroplasty  studies  involve  “low-demand”  patients:  elderly  patients  with  osteoporotic 
compression  fractures  whose  functional  goal  is  independent  ambulation,  and  patients 
with  malignant  infdtration  of  the  spine  for  whom  treatment  is  designed  to  prevent  canal 
compromise  and  its  attendant  complications.  These  study  populations  are  drastically 
different  from  the  population  of  patients  that  incur  traumatic  vertebral  burst  fractures.  As 
described  previously,  trauma  patients  are  typically  young  and  male,  with  high  functional 
expectations  of  the  spine.  While  it  seems  reasonable  to  expect  that  PVP  would  decrease 
back  pain  and  prevent  progressive  canal  compromise  in  burst-fracture  patients,  it  is 
simply  unknown  whether  the  PVP  procedure  would  adequately  stabilize  the  spine  of  a 
young,  previously  active  and  healthy  patient.  Perhaps  replacing  traditional  PMMA  with 
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an  osteoinductive  cement  -  implants  with  osteoinductive  properties  being  a  rapidly 
emerging  area  of  scientific  research  -  would  enhance  the  ability  of  the  vertebroplasty 
procedure  to  provide  long-term  bony  support  to  burst-fractured  vertebrae 

Parenthetically,  it  is  interesting  to  note  that,  although  the  ROM  increased  in  all  planes 
during  all  phases  of  flexibility  testing,  the  coupled  motion  seemed  to  increase  more  than 
the  in-plane  motion.  One  possible  explanation  for  this  observation  is  that,  in  addition  to 
the  burst  fractures  produced  by  axial  compression,  fracture  of  the  vertebral  facets  with 
accompanying  disruption  of  the  facet  joints  may  also  have  occurred,  with  resultant 
increases  in  instability.  Careful  investigation  of  this  phenomenon  should  be  the  focus  of 
future  research. 

Finally,  it  bears  mention  that  this  study  is  not  without  several  methodological  concerns. 
For  example,  the  cement  employed  in  the  experiment  differed  from  the  PMMA  typically 
used  in  spine  surgery  in  that,  unlike  the  fast-setting  surgical  cement,  it  requires  multiple 
hours  to  properly  harden.  As  a  result,  we  were  obligated  to  keep  the  specimens  distracted 
and  reduced  for  an  entire  day  to  allow  the  injected  cement  to  set  -  a  practice  that  would 
be  absolutely  unthinkable  in  the  clinical  setting.  Not  only  does  this  cement  substitution 
make  it  extremely  difficult  to  extrapolate  our  experimental  results  to  the  operating  room, 
it  also  brings  up  the  possibility  that  the  observed  reduction  in  intraspinal  motion  is 
correlated  with  the  amount  of  time  spent  in  distraction  rather  than  with  the  injection  of 
PMMA.  An  additional  concern  stems  from  the  fact  that  pedicle  screws  -  typically  a 
component  of  surgical  fixation  systems  -  were  employed  in  this  experiment.  Although, 
as  discussed  previously,  the  purpose  of  the  pedicle  screws  was  not  stabilization  but  rather 


50 


to  facilitate  distraction  and  reduction  of  the  vertebrae,  it  is  impossible  to  state 
unequivocally  that  the  observed  changes  in  intervertebral  motion  were  entirely  the  result 
of  PMMA  injection,  as  the  presence  of  pedicle  screws  in  the  spinal  construct  introduced  a 
confounding  variable.  Subsequent  studies  should  attempt  to  minimize  or  even  eliminate 
these  methodological  concerns. 

In  summary,  our  analysis  of  intervertebral  motion  occurring  during  standardized 
flexibility  testing  of  specimens  subjected  to  high-impact  axial  trauma  and  subsequently 
fixed  by  transpedicular  injection  of  PMMA  demonstrates  that  PVP  has  the  ability  to 
significantly  restore  coupled  intervertebral  motion  in  the  ROM  to  pre-fracture  levels. 
However,  although  PVP  significantly  decreases  coupled  motion  in  the  NZ  in  the  burst- 
fractured  spine,  it  does  not  reliably  restore  the  NZ  to  physiologic  levels.  Furthermore, 
PVP  results  in  marked  increases  in  planar  intervertebral  motion  in  both  the  NZ  and  ROM. 
This  suggests  that,  although  PVP  is  a  promising  adjunctive  technique  for  the  fixation  of 
traumatic  burst  fracture  of  the  thoracolumbar  junction,  it  is  not  sufficient  alone  to  reduce 
abnormal  intervertebral  motion  (e.g.  main  and  coupled  motion)  to  pre-injury  levels. 
Further  investigation  of  this  technique  -  both  to  establish  the  importance  of  its  effect  in 
the  NZ  as  well  as  to  determine  its  clinical  usefulness  in  combination  with  other  types  of 
stabilizing  treatment  -  is  imperative  to  defining  the  future  role  of  PVP  in  the  treatment  of 


thoracolumbar  burst  fracture. 


51 


Conclusions 

While  percutaneous  vertebroplasty  has  gained  acceptance  as  palliative  treatment  in  the 
setting  of  vertebral  compression  fractures  of  osteoporotic  or  metastatic  origin,  it  is 
unlikely  that  PVP  alone  will  be  effective  in  controlling  the  abnormal  intervertebral 
motion  and  resultant  neurologic  compromise  associated  with  traumatic  burst  fractures  in 
a  young,  high-demand  population.  A  future  role  for  vertebroplasty  as  part  of 
combination  treatment  for  burst  fracture  may  be  envisioned. 


52 


REFERENCES 


1 .  Leahy,  M.  and  Rahm,  M.  2003.  Thoracic  Spine  Fractures  and  Dislocations. 
Emedicine.  http://www.emedicine.com/orthoped/topic567. 

2.  Schneiderman,  A.,  Alexander,  J.T.  and  Godorov,  G.  2003.  Vertebral  Fracture. 
Emedicine.  http://www.emedicine.com/med/topic2895. 

3.  Denis,  F.  1983.  The  three  column  spine  and  its  significance  in  the  classification 
of  acute  thoracolumbar  spinal  injuries.  Spine.  8(8):8 17-31. 

4.  Schnee,  C.L.  and  Ansell,  L.V.  1997.  Selection  criteria  and  outcome  of  operative 
approaches  for  thoracolumbar  burst  fractures  with  and  without  neurological 
deficit.  J Neurosurg.  86(l):48-55. 

5.  Magerl,  F.,  Aebi,  M.,  Gertzbein,  S.D.,  Harms,  J.  and  Nazarian,  S.  1994.  A 
comprehensive  classification  of  thoracic  and  lumbar  injuries.  Eur  Spine  J.  3:1 84- 
201. 

6.  Panjabi,  M.M.,  Oxland,  T.R.,  Kifune,  M.,  Arand,  M.,  Wen,  L.  and  Chen,  A. 

1995.  Validity  of  the  Three-Column  Theory  of  Thoracolumbar  Fractures.  A 
Biomechanic  Investigation.  Spine.  20(  1 0):  1 122-1 127. 

7.  White,  A.  A.  and  Panjabi,  M.M.  1990.  Clinical  Biomechanics  of  the  Spine,  2nd 
edition.  Philadelphia:  Lippincott. 

8.  Danisa,  O.A.,  Shaffrey,  C.I.,  Jane,  J.A.,  Whitehill,  R.,  Wang,  G.  et  al.  1995. 
Surgical  approaches  for  the  correction  of  unstable  thoracolumbar  burst  fractures:  a 
retrospective  analysis  of  treatment  outcomes.  J.  Neurosurg.  83:977-983. 

9.  Vinas,  F.C.  2003.  Lumbar  Spine  Fractures  and  Dislocations.  Emedicine. 
http://www.emedicine.com/orthoped/topic  1 76. 

10.  Vaccaro  A.R.  and  Cirello  J.  2002.  The  use  of  allograft  bone  and  cages  in 
fractures  of  the  cervical,  thoracic,  and  lumbar  spine.  Clin  Orthop  &  Rel  Research. 
394:19-26. 

11.  Parker,  J.W.,  Lane,  J.R.,  Karaikovic,  E.E.  and  Gaines,  R.W.  2000.  Successful 
short-segment  instrumentation  and  fusion  for  thoracolumbar  spine  fractures:  a 
consecutive  41 /2-year  series.  Spine.  25(9):  1 157-70. 

12.  Ghanayem,  A.J.  and  Zdeblick,  T.A.  1997.  Anterior  instrumentation  in  the 
management  of  thoracolumbar  burst  fractures.  Clinical  Orthopaedics  &  Related 
Research.  335:89-100. 


53 


13.  Stambough  JL.  1 997.  Posterior  instrumentation  for  thoracolumbar  trauma. 
Clinical  Orthopaedics  &  Related  Research.  335:73-88. 

14.  Dickman,  C.A.,  Yahiro,  M.A.,  Lu,  H.T.C.  and  Melkerson,  M.N.  1994.  Surgical 
treatment  alternatives  for  fixation  of  unstable  fractures  of  the  thoracic  and  lumbar 
spine.  A  meta-analysis.  Spine.  19(20S):2266S-2273S. 

15.  Shono,  Y.,  McAfee,  P.C.  and  Cunningham,  B.W.  1994.  Experimental  study  of 
thoracolumbar  burst  fractures.  A  radiographic  and  biomechanical  analysis  of 
anterior  and  posterior  instrumentation  systems.  Spine.  1 9(  1 5):  1 7 1 1  - 1 722. 

16.  Hitchon,  P.W.,  Tomor,  J.C.,  Haddad,  S.F.  and  Follett,  K.A.  1998.  Management 
options  in  thoracolumbar  burst  fractures.  Surg  Neurol.  49:619-27. 

17.  Panjabi,  M.M.  1988.  Biomechanical  evaluation  of  spinal  fixation  devices:  I.  A 
conceptual  framework.  Spine.  1 3(  1 0):  1 1 29-34. 

18.  Mathis,  J.M.,  Barr,  J.D.,  Belkoff,  S.M.,  Barr,  M.S.,  Jensen,  M.E.  and  Deramond, 
H.  2001.  Percutaneous  Vertebroplasty:  a  developing  standard  of  care  for 
vertebral  compression  fractures.  Am  J Neurorad.  22:373-381. 

19.  Barr,  J.D.,  Barr,  M.S.,  Lemley,  T.J.  and  McCann,  R.M.  2000.  Percutaneous 
vertebroplasty  for  pain  relief  and  spinal  stabilization.  Spine.  25(8):923-8. 

20.  Ng„  P.P.,  Caragine,  F.P.  Jr.  and  Dowd,  C.F.  2002.  Percutaneous  Vertebroplasty: 
an  emerging  therapy  for  vertebra  compression  fractures.  Semin  Neurol.  1 49-156. 

21.  Deramond,  H.  and  Mathis,  J.M.  2002.  Vertebroplasty  in  Osteoporosis.  Semin 
Musculoskelet  Radiol.  263-8. 

22.  Jensen,  M.E.,  Evans,  A.J.,  Mathis,  J.M.,  Kallmes,  D.F.,  Cloft,  H.J.  and  Dion,  J.E. 
1997.  Percutaneous  polymethylmethacrylate  vertebroplasty  in  the  treatment  of 
osteoporotic  vertebral  body  compression  fractures:  technical  aspects.  Am  J 
Neurorad.  18(10):  1897-904. 

23.  Jensen,  M.E.  2002.  Percutaneous  vertebroplasty  in  the  treatment  of  malignant 
spine  disease.  Cancer  Journal.  8(2):  194-207. 

24.  Deramond,  H.,  Depriester,  C.,  Galibert,  P.  and  Le  Gars,  D.  1998.  Percutaneous 
vertebroplasty  with  polymethylmethacrylate.  Technique,  indications,  and  results. 
Radiol  Clin  North  Am.  36(3):533-46. 

25.  Grados,  F.,  Depriester,  C.,  Cayrolle,  G.,  Hardy,  N.,  Deramond,  H.  and  Fardellone, 
P.  2000.  Long-term  observations  of  vertebral  osteoporotic  fractures  treated  by 
percutaneous  vertebroplasty.  Rheumatology k  39:1410-14. 


54 


26.  Cotton,  A.,  Boutry,  N.,  Cortet,  B.,  Assaker,  R.,  Demondion,  X.  et  al.  1998. 
Percutaneous  vertebroplasty:  state  of  the  art.  Radiographics.  1 8( 2):3 1 1-20; 
discussion  320-3. 

27.  Gangi,  A.,  Guth,  S.,  Imbert,  JP,  Marin,  H.  and  Dietemann,  J.  2003.  Percutaneous 
vertebroplasty;  indications,  technique,  and  results.  Radiographics  23(2):  elO. 

28.  Atlas,  O.K.,  Dodds,  S.D.  and  Panjabi,  M.M.  2003.  Single  and  incremental 
trauma  models:  a  biomechanical  assessment  of  spinal  instability.  Ear  Spine  J. 
12(2):205-1 0. 

29.  Oxland,  T.R.,  Panjabi  M.M.,  and  Lin,  R.M.  1994.  Axes  of  motion  of 
thoracolumbar  burst  fractures.  J  Spinal  Disord.  7(2):  130-8. 

30.  Panjabi,  M.M.  1992.  The  stabilizing  system  of  the  spine.  Part  II.  Neutral  zone 
and  instability  hypothesis.  J  Spinal  Disord.  5(4):390-6;  discussion  397. 

31.  Panjabi,  M.,  Abumi,  K.,  Duranceau,  J.  and  Oxland  T.  1989.  Spinal  stability  and 
intersegmental  muscle  forces.  A  biomechanical  model.  Spine.  14(2):  1 94-200. 

32.  Panjabi,  M.M.,  Kifune,  M.,  Liu,  W.,  Arand,  M.,  Vasavada,  A.  et  al.  1998. 

Graded  thoracolumbar  spinal  injuries:  development  of  multidirectional  instability. 
Eur  Spine  J.  7(4):332-9. 

33.  Ching,  R.P.,  Tencer,  A.F.,  Anderson,  P.A.  and  Daly,  C.H.  1995.  Comparison  of 
residual  stability  in  thoracolumbar  spine  fractures  using  neutral  zone 
measurements.  J  Orthop  Res.  13(4):533-41. 

34.  Panjabi,  M.M.,  Hoffman,  H.,  Kato,  Y.  and  Cholewicki,  J.  2000.  Superiority  of 
incremental  trauma  approach  in  experimental  burst  fracture  studies.  Clin 
Biomech.  15(2):  73-8. 

35.  Mermelstein,  L.E.,  McLain,  R.F.,  and  Yerby,  S. A.  1998.  Reinforcement  of 
thoracolumbar  burst  fractures  with  calcium  phosphate  cement.  A  biomechanical 
study.  Spine.  23(6):664-70;  discussion  670-1 . 

36.  Belkoff,  S.M.,  Mathis,  J.M.,  Jasper,  L.E.  and  Deramond,  H.  2001.  An  ex  vivo 
biomechanical  evaluation  of  a  hydroxyapatite  cement  for  use  with  vertebroplasty. 
Spine.  26(1 4):  1542-6. 

37.  Belkoff,  S.M.,  Mathis,  J.M.,  Jasper,  L.E.  and  Deramond,  H.  2001.  The 
biomechanics  of  vertebroplasty:  the  effect  of  cement  volume  on  mechanical 
behavior.  Spine.  26(1 4):  1537-41. 

38.  Panjabi,  M.M. ,  Oxland,  T.R.,  Lin,  R.  and  McGowen,  T.W.  1994. 

Thoracolumbar  Burst  Fracture.  A  biomechanical  investigation  of  its 
multidirectional  flexibility.  Spine.  19(5):578-585. 


55 


39.  Panjabi,  M.M.  1992.  The  Stabilizing  System  of  the  Spine.  Parti.  Function, 
Dysfunction,  Adaptation  and  Enhancement.  J  Spinal  Disord.  5(4):383-389. 

40.  Krag,  M.H.  1991.  Biomechanics  of  Thoracolumbar  Spinal  Fixation.  A  Review. 
Spine.  1 6(  3S):S84-S97. 

41.  Willen,  J.,  Lindahl,  S.,  Irstam,  L.,  Aldman,  B.  and  Nordwall,  A.  1984.  The 
Thoracolumbar  Crush  Fracture.  An  Experimental  Study  on  Instant  Axial 
Dynamic  Loading:  The  Resulting  Fracture  Type  and  Its  Stability.  Spine.  9(6) 
624-631. 


HARVEY  CUSHING/JOHN  HAY  WHITNEY 
MEDICAL  LIBRARY 

MANUSCRIPT  THESES 


Unpublished  theses  submitted  for  the  Master’s  and  Doctor’s 
degrees  and  deposited  in  the  Medical  Library  are  to  be  used  only  with 
due  regard  to  the  rights  of  the  authors.  Bibliographical  references 
may  be  noted,  but  passages  must  not  be  copied  without  permission  of 
the  authors,  and  without  proper  credit  being  given  in  subsequent 
written  or  published  work. 

This  thesis  by 

has  been  used  by  the  following  person,  whose  signatures  attest  their 
acceptance  of  the  above  restrictions. 


NAME  AND  ADDRESS 


DATE 


YALE  MEDICAL  LIBRARY 


9002  01065  6495 


mmm 

riBwSStss&k 


mMM 


Illllfi 

WMmm 


' mmm 


